The reaction of 4,6-di(tert-butyl)-1,3,2-diazaphosphinine (3) with two equivalents of MeCRCPPh2 gave two isomeric products, 2,6-bis(diphenylphosphino)-3,5-dimethylphosphinine (5) and 2,5-bis(diphenylphosphino)-3,6-dimethylphosphinine (6), which were successfully separated and their molecular structures determined by X-ray crystallography. Although the 2,6-bis(iminophosphorano)phosphinine 7 was readily synthesised from 5 using mesityl azide, its coordination to late transition metals was not achieved. The reaction of 2-diphenylphosphino-3-methyl-6-trimethylsilylphosphinine (1) with [{Ru(Cl)(m-Cl)(p-cymene)}2] generated two products: cis-[Ru(Cl)2 (1)2] (2) and the dinuclear species [Ru(m-Cl)3(p-cymene)Ru(Cl) (1) [Ru(Cp*)(Cl)(1-OH-2-PPh2-3-Me-6-SiMe3PC5H3)] (11). Neither 9, 10, 11 or cis-[Ru(Cl)2(dppm)2] were effective precatalysts for the transfer hydrogenation (TH) of acetophenone, unlike 2 which in addition was also found to catalyse the TH of benzophenone at 82 1C (0.1 mol% 2 with 0.5 mol% KO t Bu in i PrOH), with much lower activity for 2-fluorobenzaldehyde and 4-methylcyclohexanone. 11 was a competent precatalyst for the hydrogen-borrowing upgrading of EtOH/MeOH to isobutanol, albeit in lower yields compared to 2.
Introduction
Phosphinines (the phosphorus analogue of pyridine) are aromatic heterocycles that are of interest due to their unique properties 1 and for their use as ligands in homogeneous catalysis. 2 Functionalising phosphinines with an additional donor can generate chelating ligands, 3 and much of the recent progress in this area has focused on the development of 2-pyridylphosphinines (the mono-phosphorus analogues of bipyridine). 4 The synthesis of phosphinines with an additional phosphorus donor has also been explored, and chiral ligands containing a phosphine (Chart 1, A) 5 or phosphite donor (B) 6 have been successfully syn-thesised along with phosphinines that contain a phosphinite (C) in the phosphinine ring is lost. We are interested in applying phosphine-substituted phosphinine ligands in homogeneous catalysis, and have previously shown that 2-PPh2-3-Me-6-SiMe3PC5H2 (1) can be used as a chelating ligand to generate cis-[Ru(Cl)2(1)2] (2). 16 2 was an effective precatalyst for the room temperature transfer-hydrogenation of acetophenone derivatives and the H-borrowing upgrading of EtOH/MeOH to isobutanol. 16 Prior to this study, 2-phosphinophosphinine ligands were only characterised as bridging ligands. 8, 17 Further examples of 1 as a small-bite angle 18 chelating ligand were subsequently described in a series of group 6 tetracarbonyl complexes, with 1 also able to influence the selectivity of Cr-catalysed ethylene oligomerisation reactions, 19 as well as in the Rh-catalysed hydroboration of carbonyls. 20 We now describe the extension of the synthetic route used to synthesise 1 to give bis(diphenylphosphino)phosphinines. In addition, the coordination chemistry of phosphinophosphinines using addi-tional Ru starting materials was explored because this area is still very limited; the only structurally characterised Ru phosphinine complexes are trans-[Ru(Cl)2(PC5H5)4], 21 [Ru(Cp*) (2, Results and discussion
Bis(phosphino)phosphinines
As was observed in the synthesis of 1, 16 the reaction of one equivalent of MeCRCPPh2 with the diazaphosphinine 3 13 regioselectively formed one azaphosphinine isomer containing an ortho-phosphine substituent within two hours in toluene at 120 1C in a sealed vessel (Scheme 1, 4). However, reaction with a second equivalent of MeCRCPPh2 proceeded considerably more slowly, requiring two weeks at 120 1C for complete con-sumption of the azaphosphinine. 31 P{ 1 H} NMR spectroscopy revealed that two isomeric phosphinines, 5 and 6, were produced in an approximately 60 : 40 ratio respectively (Scheme 1), unlike the analogous reaction for PhCRCPPh2 which was reported to cleanly generate the 2,6-isomer after 20 h at 120 1C. 13a,13b Separation of the two regioisomers was readily achieved without the need for chromatographic purification due to their different solubilities. 5 is relatively soluble in aliphatic solvents, and was extracted using petroleum ether at 20 1C. After recrystallisation from toluene at 25 1C, analytically pure 5 was obtained in Scheme 1 Synthesis of bis(phosphino)phosphinines and a bis(iminophosphorano)phosphinine.
51% yield as a colourless powder that is air-stable in the solid state but decomposes under air within hours in solution. 31 P{ 1 H} NMR spectroscopy was used to identify the 2,6-isomer, with a triplet resonance at d = 244.8 ppm for the phosphinine P atom and a doublet resonance of greater intensity at d = 8.1 ppm for the equivalent PPh2 groups. Purification of the 2,5-isomer was achieved by Soxhlet extraction of the remaining residue from the diazaphosphinine reaction using n-hexane heated under reflux over seven days. The 2,5-isomer is more stable to atmo-spheric air and moisture than the 2,6 isomer and the extraction was successfully carried out under air. Recrystallisation from toluene at 25 1C yielded 6 as a colourless solid in moderate yield (22%).
31
P{ 1 H} NMR spectroscopy demonstrated the inequivalence of the two PPh2 groups as two resonances at low chemical shift; a doublet-of-doublets at d = 9.1 ppm and another at d = 10.4 ppm with much smaller coupling constants. The phosphinine P atom was also observed at d = 220.8 ppm as a doublet-of-doublets. Single crystals of the 2,6-isomer suitable for X-ray diffraction were grown from a mixture of THF and pet. ether at 25 1C, and the 2,5-isomer from a THF solution layered with Et2O. The solid-state structure of 5 shows a C2-symmetric structure with one Ph group in each PPh2 unit pointing towards the open space around the phosphinine P atom, with the other two orientated anti to each other ( Fig. 1, left) . Analysis of the ring bond lengths and angles confirmed that the ring is symmetric and is in agreement with the aromatic nature of the phosphinine ring (Table  1 ). The P(1)-C(1)/P(1)-C(5) bond lengths are slightly contracted with respect to the P(1)-C(1) bond length of 1 (1.741(1) versus 1.754(3) Å for 1). 16 The solid-state structure of the 2,5-isomer showed disorder in the central phosphinine ring (P1 and C1-C7), which was successfully modelled over two positions. Although the location of the PPh2 groups in the 2,5-positions was established ( Fig.  1, right) , the disorder makes discussion of the bond lengths and angles unwarranted.
The derivatisation of the 2,6-isomer into its bis(iminophosphorano)phosphinine analogue was successfully achieved by the Staudinger reaction using mesityl azide in 85% yield (Scheme 1). 7 is structurally related to the well-known bis(imino)pyridine Bond lengths (Å)
Bond angles (1)
118.52 (6) ligands that have been extensively applied in homogeneous catalysis, 24 although the ligand properties are very different as it incorporates two 'hard' iminophosphorane donors 25 along with a 'soft', p-accepting central phosphinine donor (using the HSAB classification). 7 is very moisture-sensitive and must be handled using rigorously dried solvents and under careful exclu-sion of air. Unfortunately, single crystals suitable for X-ray diffraction could not be obtained, but 1 H, 13 C and 31 P{ 1 H} NMR spectroscopic data, as well as HRMS and elemental analysis, were in agreement with the proposed structure. The phosphinine P resonance was clearly observed at d = 246.9 ppm as a triplet ( 2 JP-P = 99.7 Hz) and the two iminophosphorane P atoms were observed as a doublet at d = 9.4 ppm. The mesityl Me groups were observed as two singlets in a 12 : 6 ratio by 1 H NMR spectroscopy, and the Me substituents on the phos-phinine ring appeared as a singlet in the same region. Many of the aryl-H signals appeared as overlapping multiplets, but the 4-H atom on the phosphinine ring was observed as a singlet at d = 6.71 ppm. was observed that all of the proligand 1 had been consumed and that two products had been formed in an approximately 1 : 1 ratio, with the characteristic signals of 2 allowing it to be readily assigned as one of these products. 16 Initially, it was expected that the second product (d = 231.4 (d) and 21.7 (d) ppm) would be mononuclear and possess a half-sandwich geometry (cf. 9), but analysis by single crystal X-ray diffraction of the dark red crystals formed from layering the reaction mixture with pet. ether showed a dinuclear compound 8 (Fig. 2) . The structure that was obtained was the result of displacement of one p-cymene ligand instead of separation of the dimer by breaking the two dative Cl -Ru bonds. 27 Ru1 is in a distorted octahedral geometry with one chelating diphosphinophosphinine ligand and four bonds to Cl atoms, one of which is a terminal ligand. Ru2 has an Z 6 -cymene ligand and bonds to three bridging Cl ligands. The bond lengths and angles for the phosphinophosphinine ligand are similar to that previously described in complex 2 with the Ru-phosphinine bond distance shorter than the Ru-PPh2 distance ( Table 2 ). The P(1)-C(5)-P(2) angle is more acute than in 2 (93.1(1)1 versus 97.7(3)1 in 2), although the P(1)-Ru(1)-P(2) bite-angle has not changed significantly. Unfortunately, insufficient material could be separated from samples of 8, due to co-crystallised 2, to allow for complete characterisation. Attempts were made to optimise the reaction conditions to favour the exclusive formation of 8, however, varying the equivalents of 1 (including a 1 : 1 reaction) Fig. 2 Molecular structure of 8 with thermal ellipsoids at 50% probability. All H-atoms removed for clarity. In order to circumvent the issue of the lability of the p-cymene ligand, the reaction was repeated with the hexa-methylbenzene dimer [{Ru(Cl)(m-Cl)(C6Me6)}2] using strictly anhydrous salts of noncoordinating anions to exchange the Cl counteranion that would be formed upon chelation of 1 (Scheme 2). AgBF4, AgSbF6 and Na[B{3,5-(CF3)2C6H3}4] generated multiple products, however, NH4PF6 cleanly produced a single product by 31 P{ 1 H} NMR spectroscopy, although the observed chemical shifts (d = 11.6 (d) and 8.8 (d) ppm) indicated that the phosphinine ligand was no longer aromatic. NH4PF6 is hygro-scopic, but attempts to repeat the reaction with dried NH4PF6 led to multiple products indicating an important role for the adsorbed water in selectively yielding one product. Additionally, without NH4PF6, displacement of C6Me6 occurs and complex 2 is formed (see ESI ‡). Single crystals of the product were grown by slow diffusion of petroleum ether into a CH2Cl2 solution of Fig. 3 Molecular structure of 9 with thermal ellipsoids at 50% probability. All H-atoms except those resulting from the reaction with H2O removed for clarity along with the other cation and anion in the asymmetric unit.
the product in good yield (78%), and the resulting orange needles were analysed by X-ray diffraction, revealing 9 to be the product of the syn-reaction of the phosphinine with H2O, and the unexpected cleavage of the SiMe3 group (Fig. 3 ). The Ru atom is bonded to Cl, an Z 6 -C6Me6 and a chelating phospha-cyclohexadiene ligand which has formed from the addition of H2O across a PQC double bond. As ammonium salts are hygro-scopic, it is likely that the NH4PF6 was the source of the water. It was also observed that the trimethylsilyl substituent had been cleaved, possibly through reaction with F arising from disso-ciation from the PF6 anion. Cleavage of SiMe3 using HCl has been observed previously. 19, 28 The molecular structure of 9 shows P(1) in a distorted tetrahedral geometry, resulting from sp 3 hybridisation. As expected, the loss of aromaticity in the phosphacyclohexadiene ligand has had a notable effect on the bond lengths and angles around the ring. The C(1)-C(2) bond has lengthened signifi-cantly (1.505(4) Å) in line with a bond order of one, whilst the C(2)-C(3) and C(4)-C(5) bonds (1.328(6) and 1.338(5) Å respec-tively) are shorter than in 1 (1.404(4) and 1.396(4) Å respectively) due to localisation of the CQC double bonds. Both P(1)-C(1) and P(1)-C(5) bonds have lengthened (1.861(3) and 1.774(3) Å respectively) compared to 1 (1.754(3) and 1.749(3) Å respectively in 1). The reaction of coordinated phosphinine ligands with water is well precedented. 30 We have explored the chemistry of BH3-protected phosphinophosphinine ligands, 16, 19 and BH3 protection of the PPh2 does not increase the reactivity of the phosphinine unit. BH3 does not coordinate to the phosphinine, and hence does not lead to enhanced reactivity of the phosphinine with H2O, because phosphinines are not basic (pKa E 16) 2b and so protonation is also not a feature of their chemistry as it is for phosphines.
In order to prepare a half-sandwich complex with an aro-matic phosphinine ligand, 1 was reacted with 0.25 equivalents of [{Ru(Cp*)(m3-Cl)}4] (Scheme 2). The reaction proceeded Only one molecule present in the asymmetric unit is shown and all of the H atoms except those resulting from reaction with H2O removed for clarity.
rapidly in THF, with a colour change to deep red observed within seconds. The resulting complex proved to be very soluble, however, upon storing a concentrated pet. ether solution at 0 1C, the product precipitated and was collected as an orange solid in 70% yield. 31 
P{
1 H} NMR showed two doublets at d = 240.1 and 18.2 ppm, and the 1 H NMR spectroscopic data was also in-line with the anticipated half-sandwich compound. The 4-H phos-phinine resonance was observed at d = 6.46 ppm as an apparent doublet-of-triplets due to two similar 4 JH-P couplings, and the 5-H resonance at d = 7.63 ppm as a doublet-of-doublets. HRMS confirmed the anticipated formula, but the compound readily reacted with trace moisture which precluded successful elemental analysis. This was definitively established when the compound was exposed to atmospheric moisture and then crystallised from petroleum ether at 5 1C. Single crystal X-ray diffraction proved that, similarly to the synthesis of 9, 10 had reacted with water in a syn-manner, although the trimethylsilyl group had not been cleaved (Fig. 4 18 .0 (d) ppm). As with 9, the structure of 11 shows that P(1) has a distorted tetra-hedral geometry, with the H and OH groups in a syn orientation. The bond lengths and angles in 11 are very similar to 9 due to their similar structures. There are few substantial differences in the bond lengths, although the P(2)-Ru(1) bond length (Ru-PPh2) has decreased slightly (2.276(1) Å in 11 compared to 2.326(1) Å in 9). This was unexpected considering that the P(1)-Ru(1) bond lengths (2.280(1) Å compared to 2.286(1) Å for 9) are nearly identical despite the different electronics of the phosphacyclohexadienyl ligand due to the lack of a SiMe3 substituent in 9.
Transfer hydrogenation and hydrogen-borrowing catalysis Octahedral Ru bis(phosphinophosphinine) complex 2 displayed high activity in the room temperature transfer hydrogenation of acetophenones (12) at 0.1 mol% loading with 0.5 mol% KO t Bu after 1 hour. 16 In an extension to this initial study, several other common substrates were tested (Table 3) : benzophenone (13) as an example of a diaryl ketone, an aldehyde (14) and a dialkyl ketone (15). Whilst good conversions were achieved for several acetophenones using 0.1 mol% 2 within one hour, 16 decreased reactivity was observed for 13-15. The room temperature transfer hydrogenation of benzophenone required 24 h to reach the maximum yield (70%), but this could be increased to 95% upon heating to 82 1C for four hours. 2-Fluorobenzaldehyde was tested as a representative aldehyde because electron-poor acetophenones were previously found to be better substrates, 16 but no conversion was observed at room temperature. An increase in catalyst loading (1 mol%), reaction time (24 h) and temperature (82 1C) still only gave low yields of the alcohol (24%). For 4-methylcyclohexanone, using 1 mol% 2 at 82 1C, a 63% yield of 4-methylcyclohexanol was observed within one hour. There is evidence that cyclohexanone can be a more challenging substrate than acetophenone, 32 but the excellent activities observed for 2 at room temperature appear to be limited to aryl-substituted ketones.
The catalytic activity of 9, 10 and 11 was then evaluated using acetophenone under the same conditions as reported for 2, 16 but no activity was found for these three complexes. Either the presence of an arene or Cp* co-ligand does not produce an active catalyst, or a phosphacyclohexdiene ligand, resulting from the addition of H2O, is not conducive for catalysis. As limited examples of transfer hydrogenation catalysts with P-donor ligands have been reported in the literature, § 33 cis-[Ru(Cl)2(dppm)2] (dppm = bis(diphenylphosphino)methane) was investigated as a precatalyst in order to probe whether or not the activity of 2 was due to the narrow bite-angle of § cis-[Ru(Cl)2(PPh3)3] is a known precatalyst for the transfer hydrogenation of ketones, however, it is not as active as 2, only achieving a 75% yield with aceto-phenone as the substrate after six hours at 82 1C. because of their use as advanced biofuels. 36 To extend our initial study on the use of phosphinophosphinine 1 in the 'hydrogenborrowing' production of isobutanol, complex 9 was evaluated to facilitate comparison with trans-[Ru(Cl)2(dppm)2] and 2 (Table 4) . In comparison to complex 2, 9 produced a lower conversion (40.8%) of ethanol and gave a lower yield of the desired isobutanol in two hours with moderate selectivity (73.1%). How-ever, GC analysis of the reaction mixture revealed the presence of n-propanol (4.1% yield), which is an intermediate in the formation of isobutanol, indicating that the reaction was not complete. 16, 34 A similar result was observed for 2, with 5.3% n-propanol still left after 2 h. 16 
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Conclusions
Contrary to the reaction of PhCRCPPh2 with diazaphos-phinine 3, the reaction of MeCRCPPh2 with 3 yielded both the 2,6-and 2,5-bis(diphenylphosphino)phosphinine regioisomers. These isomeric compounds were separated based on their different solubilities and recrystallisation allowed the determination of their molecular structures by X-ray crystallography. Although the reaction of the 2,6-isomer with mesityl azide generated the analogous bis(iminophosphorane) compound 7, its coordina-tion chemistry to late transition metals was not successful, possibly due to the widely contrasting donor-properties of the iminophosphorane and phosphinine donors. Extending the coordination chemistry of the 2-phosphinophosphinine 1 with additional Ru precursors revealed the preferential displace-ment of para-cymene over displacement of the Ru-Cl dative bonds to form an asymmetric dinuclear intermediate.
Coordi-nation of 1 to [Ru(Z 6 -C6Me6)] and [RuCp*] fragments
exposed the coordinated phosphinine to reaction with trace quantities of water, revealing in both cases the syn-addition of H2O across a localised PQC double bond. None of the Ru complexes, or cis-[Ru(Cl)2(dppm)2], functioned as precatalysts for the transfer hydrogenation of acetophenone, although the cationic Z 6 -C6Me6 complex 9 was active in the hydrogen-borrowing upgrading of EtOH/MeOH to isobutanol, with lower yields observed compared to those found previously for 2.
Experimental
All reactions and product isolations were performed under an oxygen-free nitrogen atmosphere using standard Schlenk line techniques or by using an MBRAUN UNIlab Plus glovebox, unless otherwise noted. Anhydrous toluene, dichloromethane, acetonitrile and THF were obtained from an MBRAUN SPS-800 solvent purification system. 40-60 petroleum ether was dis-tilled from sodium wire under nitrogen. Chloroform, CDCl3, hexamethyldisiloxane (HMDSO), pivalonitrile, and triethyla-mine were distilled from calcium hydride. Isopropanol and CD2Cl2 were dried over 4 Å molecular sieves. Benzene-d6 was dried over molten potassium, distilled under a static vacuum and stored in the glovebox. Anhydrous ethanol and methanol were purchased from Sigma-Aldrich. All anhydrous solvents were degassed before use and stored over activated molecular sieves. Non-dry solvents were used as received from Fisher Scientific. AgBF4 and AgSbF6 were purchased from commercial sources and used in the glovebox as anhydrous salts; Na[B{3,5-(CF3)2C6H3}4] was synthesised and thoroughly dried as des-cribed in the literature. 37 NH4PF6 was purchased and used in its hydrated state because reactions with dried NH4PF6 led to the formation of multiple products. NMR spectra were recorded at 25 1C, unless otherwise stated, on a Bruker AVIII300, AVIII400 and AVI400, spectrometer using the internal protio resonance as The pet. ether insoluble solid from the previous procedure was mixed with sand and transferred to a Soxhlet thimble. This was then extracted with boiling n-hexane (300 cm 3 ) using a Soxhlet apparatus for one week under air. Over the course of the extraction, a white precipitate formed that was isolated by filtration and washed with hexane (3 10 cm 3 ), then dried under reduced pressure. The product was then recrystallized from a minimum volume of toluene at 25 1C, yielding the pure product as a colourless solid (190 mg, 0.39 mmol, 22%). Single crystals suitable for X-ray diffraction were grown by slow diffusion of ether into a THF solution. 2,6-Bis{diphenyl(N-mesityl)iminophosphorano}-3,5-dimethylphosphinine, 7 (20 mg, 0.05 mmol, 1 equiv.), [{Ru(Cl)(m-Cl)(p-cymene)}2] (17 mg, 0.03 mmol, 0.5 equiv.) and C6D6 (0.6 cm 3 ) then sealed under N2.
The reaction was heated to 50 1C for 5 min then layered with 40-60 pet. ether (1.2 cm 3 ). Dark red crystals of 8 were then manually separated from the yellow crystals of 2 for X-ray analysis. Chloro(hexamethylbenzene)(1-hydroxy-2-diphenylphosphino-3-methylphosphacyclohexa-3,5-diene)ruthenium(II) hexafluorophosphate, 9
To a Schlenk flask containing 2-diphenylphosphino-3-methyl-6-trimethylsilylphosphinine, 1 (71 mg, 0. Elemental analysis: Anal. calcd for C49H49N2P3 : C 77.56, H 6.51, Chloro(pentamethylcyclopentadienyl) H 6.42, 3.68. methyl-6-trimethylsilylphosphinine)ruthenium(II), 10
Compound 8 An NMR tube equipped with a J. Young tap was charged with 2-diphenylphosphino-3-methyl-6-trimethylsilylphosphinine, 1
To a Schlenk flask containing 2-diphenylphosphino-3-methyl-6-trimethylsilylphosphinine, 1 (30 mg, 0.08 mmol, 1 equiv.) and [{Ru(m3-Cl)(Cp*)}4] (22 mg, 0.02 mmol, 0.25 equiv.) was 2 JCI-P1 = 2.6 Hz, 2 JCI-P2 = 2.5 Hz), 21.6 (ap. t, CF, 3 JCF-P1 = 6.7 Hz, added anhydrous THF (2 cm 3 ). The resulting deep red solu-3 JCF-P2 = 6.7 Hz) 10.4 (s, 5C, CH), 0.0 (d, 3C, CG, 3 JCG-P1 = 3. cannula filtration and dried under high vacuum yielding a red crystalline powder (16 mg, 0.02 mmol, 12% Parr stainless steel autoclave which was then transferred to a N2/vacuum manifold. Methanol (10 cm 3 ) was injected into the autoclave through an inlet against a flow of nitrogen followed by ethanol (1 cm 3 , 17.13 mmol). The autoclave was sealed and placed into a pre-heated (180 1C) aluminium heating mantle. After the reaction run time (2 h), the autoclave was cooled to room temperature in an ice-water bath. The autoclave was vented to remove any gas generated during the reaction. A liquid sample was removed, filtered through a short plug of alumina (acidic) and analysed by GC (100 mL of sample, 25 mL of hexadecane standard, 1.7 cm 3 Et2O -sample filtered through a glass filter paper to remove insoluble salts).
Crystallographic details
Single crystals of the samples were covered in an inert oil and placed under the cold stream of the diffractometer. Exposures were collected and indexing, data collection and absorption correction were performed using either the APEXII suite of programs on a Bruker X8 APEXII four-circle diffractometer or with CrysalisPro interfacing an Oxford Diffraction four-circle Supernova diffractometer (University of Edinburgh). Structures were solved using direct methods (SHELXT) and refined by full-matrix leastsquares (SHELXL) 46 interfaced with the pro-gramme OLEX2 47 (Tables 5). 2,5-Bis(diphenylphosphino)-3, 6-dimethylphosphinine (6) showed the central phosphinine ring and Me substituents to be disordered, and this was successfully modelled equally over two positions.
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